SUMMARY In a coincidence timing task, Parkinsonian patients and a control group were instructed to synchronise a keypress with the onset of a visual signal which had been preceded by a regular train of warning signals. Although the Parkinsonian group had previously exhibited slower reactions in a conventional simple reaction-time task, they were able to generate predictive responses that fell as close to the target onset as the controls' but showed greater variability. In a second experiment, Parkinsonian patients and controls made saccadic eye movements to a visual target that stepped at regular intervals between two fixed locations. After a few trials all the subjects tended to make predictive saccades that were initiated before the target excursion. However, the Parkinsonian group were slower to develop this strategy and when they did their saccades became considerably more hypometric than those of the controls. Both groups were able to maintain predictive responding even when the visual target disappeared and responses were paced by a buzzer. We concluded that Parkinsonian patients are capable ofinitiating predictive responses of the eye and the hand, at least in some circumstances, but such responses tend to be inaccurate in execution. This, in turn, may dispose the Parkinsonian patient against predictive movement.
It has often been suggested that a salient feature of the Parkinsonian deficit of movement initiation is an inability to capitalise on predictabilities in the behaviour of environmental stimuli. A principal source of this generalisation is the classic series of studies of Parkinsonian impairment in tracking tasks, conducted by Flowers. '4 In studies of smooth pursuit and step-tracking, employing somato-motor responses, Flowers reported diverse findings which suggested that Parkinsonian subjects failed to utilise an internal model of the spatio-temporal predictabilities in environmental events to improve performance when tracking regular targets. From these studies, Flowers concluded that ". . . they have lost the ability to control voluntary movements 'open loop'...." However, a difficulty with this view is that the Parkinsonian group, while exhibiting greater phase lag overall, were able to reduce that lag as much as the control group when tracking regular sinusoids. This is difficult to reconcile with the view that Parkinsonian patients are unable to capitalise on predictabilities. On the other hand, the difference between the groups in tracking error was greater with regular targets. Therefore, an alternative interpretation ofthese data is that Parkinsonian patients are capable of generating predictive movements but these are peculiarly inaccurate.
In further studies of manual tracking, Flowers' found that patients with Parkinson's disease (PDs) were unable to maintain tracking of repetitive ramps or sawtooths when the target briefly disappeared from the screen. Taken together, these results led Flowers to conclude that either Parkinsonian patients were unable to prepare responses in advance or they were unable to issue such prepared responses unless the movement was summoned by visual events.
Subsequent studies seem to confirm that those with Parkinson's disease have the capacity to act predictively. Bloxham et al7 used a continuous, smoothpursuit tracking task and showed that when the target trajectory was changed from a random path to a regular, repetitive one, PD The feedback display comprised a central yellow rectangle with the subscript "BANG ON", flanked on the left and right by red rectangles subtitled "FAST" and "sLow". Flanking these to left and right were two further red rectangles subtitled "VERY FAST/VERY SLOW". This display followed each response in the feedback condition, with a black arrow travelling from top to bottom of the appropriate rectangle. It remained on the screen throughout the two second inter-trial interval.
The algorithm which determined the category of feedback to be allocated to a response was based on cutpoints derived from the subjeci's actual distribution of latencies over the preceding blocks. Thus, if the subject improved in a block (with more latencies appoaching zero from either side), for the next block the boundaries ofthe reinforcement categories would contract toward zero, so as to encourage even more accurate anticipation.
Following block 1, the patients and control FB subgroups received 10 trials, demonstrating the feedback. Data from these trials were not used in the analysis. All four subgroups then received a further four blocks, each consisting of 40 trials (blocks 2, 3, 4 and 5).
Results and discwsion
The mean latency for each subject is displayed in table 2, for the conventional SRT task and for each of the five blocks of the coincidence timing task.
From the data on coincidence timing latencies, it seems clear that all the subjects are capable of responding predictively, in the sense that they do not await the arrival of the target (GO) signal before initiating their response. Even in block 1, before explicit feedback was available, only one (PD) subject showed a mean latency greater than + 100 mseconds (positive latency values denote responses that occurred after target onset). Furthermore, this subject (BR) developed negative latencies in the subsequent blocks of trials. There appears to be no relationship between conventional SRT performance and predictive performance. Crawford, Goodrich, Henderson, Kennard In our second experiment we considered the oculomotor system. Here, a spatially calibrated response was required, so we were able to assess any cost in accuracy that might be associated with anticipation. The task used was developed from that of Teravainen and Calne'3 who invited subjects to make alternating saccades in the absence of any target, a task which allows neither the assessment of latency nor accuracy.
We presented a visual target alternating between fixed points. 1036 In blocks 2 and 4 (Condition NV) the visual target would disappear but the "beeps" would continue as before (see figure 2 ). They were asked to try to maintain the rate and amplitude ofeye movement even in the absence ofthe targets. The subjects were comfortably seated in a modified dental chair. Head movement was restrained by an adjustable head band attached to the headrest. The room was in total darkness and the target LEDs were the only visible stimuli. Each ofthe four blocks oftrials comprised 11 targetjumps. From a centrally fixed point the first target step was 11-25 to the left. Thereafter the target stepped alternately right and left, through 22 5 degrees every two seconds. Data analysis Measurements of the latency and amplitude of the primary saccades and of final eye position (FEP) for each trial were obtained by digitising the chart records, using a graphics tablet. The first target step in each 1block was not scored since in block 1 this was a half step and in blocks 2, 3 and 4 the first trial signalled the transition to the no vision, vision, no vision conditions respectively. Where blinks and other artifacts prevented the analysis of a trial, the subject's mean value for that block was substituted. Less than 5% of trial data was lost in this way.
Results
The latency and amplitude of the primary saccades, trial by trial, is shown in fig 3, for the PD and control groups. From inspection it appears that the pattern of performance obtained in the first block differs from that found in the others, so this block was statistically examined separately. There was no difference between the groups in the amplitude of the primary saccade found in block 1 (F < 1-0). In general, responses fell about 10-20% short of the 22.5°target excursion.
In contrast, the only evidence for any differences in latencies between the groups is to be found in block 1, where it appears that the control subjects' performance stabilised half way through the block at the anticipatory value which thereafter continues to characterise their latencies with visible targets.
However, the PD group, while displaying a mean latency that is far too low to be attributable to them consistently awaiting the target step before responding, stop short of the unequivocally negative latencies that prevail in later blocks. As a simple investigation of this apparent differential trend the latencies in block I were partitioned into a first half (trials 1-5) and second half (trials 6-10), and an ANOVA performed with groups and halves as factors. The main effect of the groups did not quite achieve significance (F = 4-0, d.f. = 1, 12; p<0 10), whereas that of the halves was clearly significant (F= 8-1, d.f.= 1, 12; p<0-01). Of greatest interest is the significant interaction (F = 8-9, Crawford, Goodrich, Henderson, Kennard Predictive responses in Parkinson's disease considerable, with some subjects consistently coming to rest short of the appropriate location and others continuing past it. Thus the group mean FEP amplitude may convey a spurious impression of accuracy.
Discussion
These results can be roughly summarised as follows: Patients with Parkinson's disease are capable of voluntary initiation of predictive saccades. However, in comparison with the controls, their initiation of the primary saccade does not become as markedly anticipatory until the visual target has been withdrawn. Thereafter, their latencies become indistinguishable from the controls even when target visibility returns. For both groups, the absence ofa visual target provokes earlier initiation of the primary saccade, in anticipation (presumably) of the auditory beep.
The "early departure" that develops in the Parkinsonian group after the visual target is withdrawn is associated with severe hypometria. However, this marked undershoot of the primary saccade does not result from the loss of information about the target amplitude, since it continues even when vision is restored and, moreover, the primary saccade is usually only the first step in a train of miniature saccades which result in a final eye position resembling that of the controls. Learning to anticipate Under these experimental conditions, the controls seemed to interpret their task as one in which they should successfully transfer their fixation to the location of a predicted target before its arrival. Bronstein and Kennard'°have shown that when a randomly stepping target settled down to a predictable alternation, the PD patients and control group's saccadic latencies diminished at a similar rate. However, in a subsequent block of trials where predictability was explicitly guaranteed, the control latencies became distinctly negative (that is, anticipatory), while Parkinsonian latencies remained highly variable but, on average, positive. Even so, almost 30% of PD latencies were negative. This compared with a value of 60% for the controls. The percentages of anticipations for block 1 of this study are strikingly similar: PD = 30%, controls = 63%. In considerable contrast, the percentages for block 2 are PD = 86%, controls = 84%. Thus, whereas the controls learned to anticipate over the first half of block 1, it was not until the visual target was withdrawn at the beginning of block 2 that PD subjects consistently adopted an "early departure" strategy. We insert the qualification "consistently" because only one PD subject showed no negative latencies whatsoever in block 1. Whereas only one PD subject showed a majority ofnegative latencies in block 1, in block 2 only one PD subject failed to do 1039 so. As figure 3 shows, the withdrawal of visual information immediately impels the PD subjects into early departure, with latencies indistinguishable from the controls after the beginning of block 2.
It appears that two aspects of the latency data require explanation: (i) why do the PD patients not develop an early departure strategy until the visual target is withdrawn? (ii) why thereafter is the departure time for both groups later, although still anticipatory, when the visual target is present than when it is absent?
As a preliminary to our explanation, we require to distinguish between various roles that may be played by a visual target. First, when a novel stimulus appears away from the point offixation its onset automatically attracts a saccade, quasi-reflexively. In electing to generate predictive eye movements that anticipate the stepping of the target to its peripheral location, the subject foregoes this automatic, saccade-eliciting role ofthe target. As we shall see later this may have crucial consequences for saccadic accuracy in the PD group. Secondly, when a saccade is initiated in anticipation of the target step, the visual stimulus plays another role, which is that of a continuing stimulus at the point of fixation, away from which the eye movement has to be made. Concerning this role we postulate a difficulty in releasing fixation from the "attentional capture" exercised by an enduring foveal stimulus. Posner20 has shown that attention is usually shifted to a new location before the execution of the saccade to that location. Furthermore, Mayfrank et al2 and Ross and Ross22 have shown that pre-releasing attention from the central fixation point by extinguishing it shortly prior to arrival ofthe novel peripheral target (the "gap paradigm"), leads to an increase in the proportion of very short latency "express" saccades.
We suggest that this "attentional capture" effect is responsible for the slight retardation of saccade initiation shown by both groups in block 3 (Vision) as compared to blocks 2 and 4 (No Vision). It appears that persistence of the fixation stimulus only exercises this effect when there is no new peripheral target to summon the saccade, since we have found that when the fixation point persists after the arrival of a peripheral target (the "overlap" paradigm), saccadic latencies were only negligibly prolonged, and any effect of fixation point persistence was equal for PD patients and controls. '9 A possible reason why it takes the PD patients longer to settle down to consistent early departure is because the group are merely slow to learn an anticipatory strategy. In support of this it might be argued that the subjects need to learn to free themselves from a "passive" reaction to the visual target's displacement. Since patients with Parkinson's disease have been shown to display less strategic flexibility in a number of attention switching and problem solving on 9 December 2008 jnnp.bmj.com tasks,2"26 it is plausible that their development of an alternative anticipatory strategy might be retarded. While this hypothesis remains in contention, we favour an account which attempts to embrace several different aspects of the data. In particular, our preferred account links the latency trends with the accuracy data and offers an explanation of why both of these show a sharp transition for the PD group when the visual target is removed at the beginning of block 2.
So far, we have considered two roles that the visual stimulus may play at the time of initiating the saccade; that of a peripheral eliciting target and, in predictive responding, that of a persistent fixation target from which attention must be released before the new saccade can be made. However, in the visual target condition, the stimulus may play a third role, providing external feedback on the distance off target after execution of the primary saccade. It is the availability of this feedback in block 1 which we believe is responsible for inhibiting the PD group's adoption of a consistent anticipatory strategy. This is because the PD patients' saccades become severely hypometric when anticipatory (fig 3) . This is true of the occasional anticipatory saccades made in block 1. For example, although the mean saccade amplitude for PD patients in block 1 was 18.60, the mean for each subject's earliest departure saccade (all but one, negative in latency) was only 16-3. Therefore, the withdrawal of vision at the inception of block 2 allows the PD patients to learn to neglect the cost in accuracy which they incur when responding predictively. Ofcourse the data on Final Eye Position show that internal cues still provide information about target location but we assume that internally generated error information has less impact on the saccade initiating strategy. Anticipation? We have argued that patients with Parkinson's disease, in this task, are capable of responding in anticipation of a stimulus without their response being summoned directly by an external cue.
Furthermore, this predictive behaviour is the more remarkable in the domain of saccadic eye movements because it requires a target-driven quasi-reflexive mode of responding to be abandoned. We suggest, therefore, that attempts to explain the failure of patients with Parkinson's disease to act predictively in terms of a deficit in the motor control system-such as inability to drive responses with a mental model of environmental regularities2"-are inappropriate. It would be more productive to pursue the question of what commonly disposes the Parkinsonian against a predictive strategy. The Parkinsonian Hypometria In this study our primary interest lay in response timing but several aspects of the metrics of the eye movements merit discussion.
Crawford, Goodrich, Henderson, Kennard With the data from the controls, we found a progressive increase in saccadic error over successive blocks. This consisted of an undershoot by the primary saccade that increased irrespective of target conditions. This trend is atypical of normal saccadic performance, even in tasks that require a deliberately initiated saccade (for example, Crawford et al " using the same subjects). We ascribe it to an evolving strategy whereby the subjects construe their task as one ofarriving at the next target location in advance of that target, whilst becoming increasingly indifferent to the proportion of this traverse that is achieved by the primary saccade. Hence, the primary saccade reflects increasing hypometria whereas the final eye position achieved does not change appreciably.
Two aspects of the amplitude data for the PD patients are striking. In block 1, no difference between the groups was seen and the undershoot was well within the normally expected range of saccadic gain. In contrast, from the beginning of block 2 onwards the PD group showed severe hypometria, significantly in excess of that found for the controls. Our account of these effects links them causally with the associated effects we have described in the latency data.
We have already suggested that the PD group do not readily develop a consistently predictive strategy during block 1. Moreover, in that block once the target arrived, their occasional anticipatory responses were likely to be met with the external evidence that their primary saccade was considerably hypometric.
The removal of the visual target at the beginning of block 2 immediately freed the PD patients from the impact of external, visual feedback about the consequences oftheir ventures into predictive responding. At the same time, the withdrawal ofvision removes the obstacle to anticipatory responding caused by the "inertial" effect encountered when attempting a saccade away from a persisting fixation stimulus without being able to transfer attention to the arrival ofa novel peripheral target (what we called "attentional capture" by a fixation stimulus). We were surprised at the abruptness of the transition to a consistently anticipatory strategy in the PD group once vision is removed and the maintenance of that new strategy after the visual target returns in block 3. The PD group may have persisted in predictive responding even after the visual target returned in block 3 because their train of saccades was by that stage initiated sufficiently early that by the time the target arrived the discrepancy between the eye and target position had been reduced to tolerable proportions.
To complete this account we need to explain why patients with Parkinson's disease incur a penalty in terms of saccadic undershoot when they adopt a predictive strategy. We attributed this to the existence of two saccadic control systems. One of these is Predictive responses in Parkinson's disease exclusively dedicated to saccades that are elicited by novel spatial targets. This system is spared, at least in mild Parkinsonism. The other system deals with saccades that are not elicited by novel targets, whether they be deliberately produced saccades to a remembered target location'928 or predictive saccades that anticipate target arrival, as in this study. The control system responsible for this second class of saccades appears to be distinguished neuro-anatomically by involving the frontal eye fields and substantia nigra pars reticulata. However, previous evidence for both the frontal' and the basal ganglia'9303' involvement has been confined to the "remembered" saccade and the "antisaccade" paradigms. Our finding that the execution of predictive saccades is also selectively impaired in a basal ganglia disorder extends our understanding of the functional role of this secondary control system.
Conclusion
There is no doubt that subjects with mild Parkinson's disease are able to generate predictive responses in the tasks in our experiments. In the simple key press study, which was explicitly presented as a coincidence timing task, but lacked a spatial accuracy component, the PD group shifted from a "reactive" to a "predictive" mode of responding as readily as the controls. Even PD subjects with relatively retarded simple RT were able to generate near zero mean latencies. Intrasubject variability of latency was, however, higher in the PD group, in both reactive and predictive tasks.
In the saccadic task, where subjects were allowed to evolve their own strategies without explicit direction, the PD group were slower to develop consistently anticipatory responses. When such responses did develop they were accompanied by hypometria. We have suggested an account of the Parkinsonian resistance to the adoption of a predictive strategy as an automatic adaptation to their loss of accuracy for anticipatory saccades.
What remains to be seen is whether some unified account can be given of Parkinsonian impairments that hold across the oculomotor and somatomotor domain. For the saccadic system, the responses that are spared regarding accuracy are those directly elicited by novel peripheral targets. This exact condition is unlikely to have generality because the saccadic system is functionally adapted to cope with precisely those sorts of stimuli. This is reflected in the automatic nature of such eye movements. However, perhaps this spared oculomotor system finds its somatomotor equivalent in clinical reports of kinesia paradoxica where, for example, an otherwise akinetic patient is able to catch a suddenly thrown object. It is not helpful to characterise the Parkinsonian 1041 impairment in general merely as an abnormal dependence on visual information. Visual information may play several distinct roles in the control of action, specifying spatial targets, providing the imperative signal summoning a response, furnishing feedback of the relation between effector and target, and the final knowledge of results. We know of no systematic attempt to adjudicate between these factors, as they affect the Parkinsonian deficit. (In Experiment 2, it was the withdrawal of visual information that was associated with the development of anticipatory responding.)
Finally, one strand of evidence that suggests it is worth attempting an account which subsumes the oculomotor and somatomotor domains is that the deficit in response execution takes the same form in each, namely a train of miniature responses where a single, fast excursion would normally be expected.
